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Branching morphogenesis in the lung serves as a model for the complex patterning that is reiterated in multiple organs throughout
development. h-catenin and Wnt signaling mediate critical functions in cell fate specification and differentiation, but specific functions during
branching morphogenesis have remained unclear. Here, we show that Wnt/h-catenin signaling regulates proximal–distal differentiation of
airway epithelium. Inhibition of Wnt/h-catenin signaling, either by expression of Dkk1 or by tissue-specific deletion of h-catenin, results in
disruption of distal airway development and expansion of proximal airways.Wnt/h-catenin functions upstream of BMP4, FGF signaling, andN-
myc. Moreover, we show that h-catenin and LEF/TCF activate the promoters of BMP4 and N-myc. Thus, Wnt/h-catenin signaling is a critical
upstream regulator of proximal–distal patterning in the lung, in part, through regulation of N-myc, BMP4, and FGF signaling.
D 2005 Elsevier Inc. All rights reserved.Keywords: Wnt; h-catenin; Dickkopf-1; BMP; FGF; Lung developmentIntroduction
Lung development in the mouse begins at approximately
E9.5 when the trachea branches from the anterior foregut
(for review, see (Warburton et al., 2000). Cellular differ-
entiation along the proximal–distal axis of the lung is
highly patterned and is regulated by several distinct signal-
ing pathways, including members of the FGF and BMP
pathways (Bellusci et al., 1997; Sekine et al., 1999; Weaver
et al., 1999, 2000). Progenitor cells within distal airway0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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populate the alveolar airways and are required for the thin
gas exchange interface in the airway lumen and surfactant
protein production, respectively. Type 2 pneumocytes are
thought to be progenitor cells within the adult lung alveolus,
generating type 1 cells through a poorly understood process
and also regenerating additional type 2 cells after lung
injury (Borok et al., 1998; Danto et al., 1995; Qiao et al.,
2003). Disruption of distal airway development and type 2–
type 1 cell differentiation is associated with bronchopulmo-
nary dysplasia (BDP), a common disorder that causes severe
lung dysfunction (for a review, see (Demayo et al., 2002;
Whitsett and Zhou, 1996).
Ligands and receptors for both FGF and BMP signaling
are expressed at high levels in the distal airways, and several83 (2005) 226 – 239
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in lung airway branching. Loss of either FGF10 or FGF
receptor signaling results in severe abrogation of lung
airway branching (Bellusci et al., 1997; Min et al., 1998;
Peters et al., 1994; Sekine et al., 1999). This has been
postulated to be due to the requirement of FGF signaling in
distal epithelial cell proliferation and outgrowth (Bellusci et
al., 1997; Clark et al., 2001). BMP signaling appears to play
a different role. Transgenic mice expressing inhibitors of
BMP signaling such as gremlin, noggin, or a dominant-
negative BMP receptor Ib display a disruption of proximal–
distal patterning in the lung where distal epithelial differ-
entiation is inhibited while proximal differentiation is
promoted (Lu et al., 2001; Weaver et al., 1999). BMP4
gain of function in the lung results in decreased epithelial
proliferation and differentiation (Bellusci et al., 1996).
The Wnt pathway has also been implicated in regulating
lung airway development. Wnts regulate developmental
processes through several distinct pathways (for a review,
see (Pandur et al., 2002). The best studied of these pathways,
called the canonical pathway, involves the binding of Wnt
ligands to a co-receptor complex consisting of frizzled and
LRP5/6 proteins. This interaction inhibits the GSK-3h
kinase, which results in a reduction in h-catenin phosphor-
ylation, stabilizing this protein, leading to its accumulation in
the nucleus. h-catenin binds to members of the LEF/TCF
transcription factor family and activates down-stream targets
of Wnt signaling. Through this pathway, Wnt signaling
regulates several developmental processes including cell
proliferation, migration, and differentiation.
Multiple components of theWnt pathway are expressed in
the lung, and recent reports have implicated several of these
in regulating diverse aspects of lung morphogenesis. Inacti-
vation of Wnt7b results in decreased airway branching
leading to pulmonary hypoplasia as well as defects in lung
vascular smooth muscle integrity (Shu et al., 2002). Wnt5a
null mice exhibit defects in late lung maturation and air
saccule development (Li et al., 2002). More recently, condi-
tional inactivation of h-catenin in the airway epithelium of
the lung has demonstrated a key role for this Wnt signaling
component in differentiation of distal airway epithelium
(Mucenski et al., 2003). However, since h-catenin has a dual
role in both Wnt signaling and cell adhesion processes, the
disruption in distal airway development in these mice cannot
be specifically attributed to its role in Wnt signaling.
The precise role of Wnt/h-catenin signaling in the lung
and how this pathway interacts with other signal transduction
pathways such as BMP and FGF signaling is unclear in the
lung, although earlier reports suggested that these pathways
were not perturbed upon loss of Wnt/h-catenin activity
(Mucenski et al., 2003). In this report, we show that canonical
Wnt/h-catenin signaling is highly active in early lung airway
development with the highest levels in distal airway
epithelium. To precisely determine the role of Wnt/h-catenin
signaling in lung morphogenesis, we expressed Dickkopf-1
(Dkk1), a specific inhibitor of canonical Wnt signaling anddeleted h-catenin in the airways of the developing lung. We
find that Dkk1 represses distal airway epithelial differ-
entiation while at the same time causing an expansion of
proximal airway development, resulting in disruption of
proximal–distal patterning. Both loss of function models
show that Wnt/h-catenin activity is not associated with nor
necessary for epithelial proliferation in the lung. Instead, loss
of Wnt/h-catenin signaling results in the specific down-
regulation of multiple critical target genes and pathways
including N-myc, BMP4, and FGF signaling. These data
demonstrate that Wnt signaling regulates a molecular
hierarchy that promotes distal while repressing proximal
airway development, leading to proper patterning of lung
epithelium.Materials and methods
Transgenic mice
The tetO-Dkk1, SP-C/rtTA, tetO-cre, and h-cateninflox
mice have been previously described and were maintained on
a C57BL/6-CD-1 mixed background (Huelsken et al., 2001;
Mucenski et al., 2003). Generation and characterization of the
TOPGAL.lacZ and BATGAL.lacZ Wnt/h-catenin trans-
genic reporter mice have been previously described (Das-
Gupta and Fuchs, 1999; Maretto et al., 2003). Mice were
mated with each other, and noon of the day that the vaginal
plug was observed was considered E0.5. The pregnant dams
were fed food with 1 gm/kg doxycycline starting at E0.5
until embryos were collected at the indicated time points.
Histological methods
Embryos and lung tissue from timedmatings of SP-C/rtTA
and tetO-Dkk1 mice or SP-C/rtTA:tetO-cre X h-cateninflox
mouse crosses were collected and fixed in 4% paraformalde-
hyde (PFA) for 48 h. Fixed embryos and tissues were
dehydrated through a series of increasing ethanol washes and
embedded in paraffin. Five-micron sections were generated
and dehydrated prior to immunohistochemistry and in situ
hybridization. In situ hybridization was performed essentially
as described (Morrisey et al., 1996). The SP-A, SP-B, SP-C,
CC10, N-myc, BMP4, Nkx2.1, and dkk riboprobes have been
previously described (Lu et al., 2001; Shu et al., 2002). In situ
probes for FGFR1–4 were generated by RT-PCR from E14.5
whole mouse embryo RNA using the following oligonucleo-
tides: FGFR1: sense 5Vacc agc tgt gat gac ctc ac 3V, antisense
5Vtgt aat acg act cac tat agg gcg gcc act ttg gtc aca cgg t 3V;
FGFR2: sense 5Vaga agg aga tca cgg ctt cc 3V, antisense 5Vtgt
aat acg act cac tat agg gct gcc acg gtg acc gcc tcc 3V; FGFR3:
sense 5Vagc tga gga gga gct gat gg 3V, antisense 5Vtgt aat acg
act cac tat agg gct gac agg ctt ggc agt acg g 3V; FGFR4: sense
5Vaga cct cac gtg gac aac ag 3V, antisense 5Vtgt aat acg act cac
tat agg gct tgg tcg ggc cgg gag gga tc 3V. Immunohistochem-
istry with the SP-C (Chemicon, 1:200), CC10 (Chemicon,
W. Shu et al. / Developmental Biology 283 (2005) 226–2392281:200), smooth muscle a-actin (Sigma, 1:100), phosphohi-
stone H3 (Cell Signaling Technology, 1:500), h-galactosi-
dase (Cortex-rabbit polyclonal, 1:50; Promega-mouse
monoclonal 1:25), BMP4 (Santa Cruz Biotechnology,
1:100), h-catenin (BD Biosciences, 1:50), and phospho-
ERK1/2 (Cell Signaling Technology, 1:100) antibodies was
performed essentially as described (Lu et al., 2001; Shu et al.,
2002). Further details on all histological procedures can be
found at http://www.uphs.upenn.edu/mcrc/.
Plasmids and transactivation assays
The mouse BMP4 promoter cloned into the pGL2basic
plasmid was previously described (Ebara et al., 1997). The
N-myc promoter was amplified by PCR from mouse
genomic DNA with the following oligonucleotides: sense:
5Vcac act agt aag gag cca ttc ctg ttg ggt g 3V, antisense: 5V
caa cgt cga ctt cgg aag cag acg cgg tgt g 3V. The h-catenin/
4145 expression plasmid, the TCF3-VP16 expression
plasmid, the dominant-negative TCF3 expression plasmid
which lacks the first 87 amino acids of Xenopus TCF3, and
the TOPFLASH and FOPFLASH reporter constructs have
been previously described (Korinek et al., 1998; Tao et al.,
2001; Yang et al., 2002). 293 cells were transfected with
Fugene 6 and the indicated plasmids as previously described
(Weidenfeld et al., 2002). Commercially available kits
(Promega) were used to measure luciferase activity.
Lung explant and epithelial in vitro differentiation
experiments
Lungs were dissected from E11.5 BATGAL.lacZ
embryos and cultured on Millipore Millicell-PC transwell
inserts in 24-well tissue culture plates in BGJb media
supplemented with 0.1 mg/ml ascorbic acid and 50 units/ml
penicillin/streptomycin media in the presence of the FGF
receptor inhibitor SU5402 (Calbiochem) at 5 AM or with an
equal volume of DMSO. Explants were cultured for 48 h
and stained for lacZ expression as previously described,
post-fixed in 4% PFA for 4 h, dehydrated in ethanol, and
embedded in paraffin for histological sectioning. Paraffin
sections were counter-stained with eosin. Primary human
lung epithelial cells were grown in regular growth media or
in differentiation media containing dexamethasone and
cAMP for 48 h as previously described (Gonzales et al.,
2002). After 48 h, primary lung epithelial cells were
transfected with the TOPFLASH reporter plasmid, cultured
an additional 24 h in the continued presence or absence of
hormones, and then harvested for luciferase assays.
Chromatin immunoprecipitation assays
Chromatin immunoprecipitation (ChIP) assays were
performed using a commercially available kit (Upstate
Biologicals) and oligonucleotides spanning the LEF/TCF
DNA binding sites located in the BMP4 and N-mycpromoters (DePinho et al., 1986; Ebara et al., 1997). The
following oligonucleotides flanking the conserved sequences
in these promoters were used in these studies: BMP4 sense 5V
aga gag gtg gta ccc att gg 3V, antisense 5Vagg cca gca gcc cag
agc ttc 3V; N-myc sense 5V acc ata cag ccc ctg ctg tg 3V,
antisense 5Vatt acg gac cgc tgc ttt cc 3V. An anti-h-catenin
mouse monoclonal antibody was used for immunoprecipita-
tion of chromatin from 293 cells transfected with the BMP4
or N-myc luciferase reporter plasmids along with the h-
catenin/4145 expression plasmid.Results
Localization of Wnt activity during lung airway
development
Little is known about the specific cell types that exhibit
active Wnt signaling during lung development. Previous
studies have demonstrated nuclear h-catenin staining in
distal airway epithelium (Mucenski et al., 2003). More
recently, the transgenic Wnt reporter mice TOPGAL.lacZ
and BATGAL.lacZ have demonstrated that Wnt activity
occurs early in the lung in airway epithelium (Maretto et al.,
2003; Okubo and Hogan, 2004).
To determine the spatial and temporal pattern of Wnt
activity in airway development, we characterized the cell
lineages expressingWnt activity during lung development by
using the well-characterized transgenic reporter lines TOP-
GAL.lacZ and BATGAL.lacZ (DasGupta and Fuchs, 1999;
Maretto et al., 2003). They have both been used in the past to
determine the spatial and temporal activity of the Wnt
pathway during development of several tissues including
brain, heart, and skin (DasGupta and Fuchs, 1999; Maretto et
al., 2003). Of note, the TOPGAL.lacZ mice express h-
galactosidase in the cytoplasm, while the BATGAL.lacZ
mice express h-galactosidase in the nucleus. Wnt activity is
present in the anterior foregut endoderm at the level of the
laryngotracheal groove, persists in the trachea and esophagus
as they bifurcate more posteriorly, and is highest in the distal
airway epithelium of the lung at E11.5 (Figs. 1A–D). From
E14.5 through E18.5, Wnt activity decreases in the distal
airways but is still present in a subpopulation of distal airway
epithelial cells (Figs. 1E, G, and H), which is supported by
sporadic nuclear h-catenin staining in distal airway epithe-
lium (Figs. 1N and O). This pattern of activity and expression
overlaps extensively with that of Wnt7b, which is known to
play a key role in lung epithelial differentiation (Shu et al.,
2002). Wnt activity is also observed in a subpopulation of
cells underlying the proximal airways from E14.5 through
E18.5 (Figs. 1F and H and data not shown).
Co-immunolocalization studies revealed that Wnt activity
is observed in a subset of developing type 2 pneumocytes
both at E16.5 and E18.5 as measured by SP-C expression
(Figs. 1I and J). The number of type 2 cells positive for Wnt
signaling decreases with gestation (Figs. 1G and J). Fur-
Fig. 1. Cellular specificity of Wnt/h-catenin signaling activity during lung development. TOPGAL.lacZ embryos were stained for lacZ expression at E11.5.
Eosin counter-stained sections show that Wnt/h-catenin activity is high throughout the laryngotracheal groove region of the anterior foregut (A and B).
Both trachea and esophagus are lacZ positive, while distal lung epithelium stains intensely for lacZ expression (C and D). In BATGAL.lacZ embryos,
Wnt/h-catenin expression continues at E14.5 (E and F) through E18.5 (G and H) in both epithelium (E and G) and cells underlying the upper airways (F
and H). Co-immunolocalization of h-galactosidase expression from BATGAL.lacZ transgenic embryos and SP-C (I and J), CC10 (K), and smooth muscle
a-actin (L and M) shows Wnt activity in type 2 pneumocytes and airway smooth muscle cells but not Clara cells. h-catenin immunohistochemistry shows
punctate nuclear h-catenin staining in distal airway epithelium (O, red arrowheads) and adjacent mesenchyme (N, red arrowheads) at E14.5. Wnt signaling,
as measured by TOPFLASH activity, decreases upon type 2 cell differentiation in vitro (P). E = esophagus, T = trachea. Scale bars: A–D = 100 Am, E, I,
J, K = 75 Am, F = 300 Am, G, H = 200 Am, L–O, 50 Am.
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type 2 pneumocyte differentiation assay (Fig. 1P). Wnt
activity is not observed in CC10 positive Clara cells,
supporting previous reports demonstrating thatWnt signaling
is not essential for Clara cell development (Fig. 1K)
(Mucenski et al., 2003). Wnt activity is observed in a subset
of upper airway smooth muscle cells at E16.5 and E18.5,
reflected by lacZ staining in cells underlying the proximal
airways (Figs. 1L and M). These data support the notion that
Wnt activity is present at high levels in early lung develop-
ment in distal airway epithelium but decreases with gesta-
tional age resulting in only low levels of sporadic canonical
Wnt activity after E14.5.
Inhibition of Wnt/b-catenin signaling by Dkk1 disrupts
proximal–distal patterning in the lung
The interpretation of the importance of canonical Wnt
signaling in the lung through inactivation of h-catenin isconfounded by the dual roles of this protein in both cell–cell
adhesion and Wnt signaling (Mucenski et al., 2003). There-
fore, we expressed mouse Dkk1, a specific inhibitor of
canonical Wnt/h-catenin signaling, under the control of a tet-
inducible promoter (tetO-Dkk1) in distal airway epithelium
using mice expressing the reverse tet-activator (rtTA) from
the human SP-C promoter (SP-C/rtTA). TetO-Dkk1 mice
were bred to the SP-C/rtTA mice previously shown to
regulate dox-inducible expression of transgenes in the lung
epithelium of mice to generate double transgenic mice (Fig.
2A) (Perl et al., 2002). Double transgenic mice were bred, and
doxycycline was added at E0.5 of gestation to induce
transgene expression in the lungs. Dkk1 is not expressed at
detectable levels in the lungs of non-transgenic embryos from
E10.5 through P0 (Figs. 2B andD and data not shown). In SP-
C/rtTA X tetO-Dkk1 double transgenic embryos treated with
doxycycline in their food, Dkk1 is robustly expressed in lung
airway epithelium (Figs. 2C and E).Mice not treatedwith dox
did not express Dkk1 in the lung airways (data not shown).
Fig. 2. Transgenic expression of Dkk1 from the SP-C promoter. Schematic of tet-inducible expression of Dkk1 in the airway epithelium of transgenic embryos
and mice (A). Dkk1 is not expressed in wild-type lungs (B and D) but is expressed in lungs from double transgenic dox-treated embryos at E16.5 (C) and P0
(E). Dkk1 disrupts airway morphology at E16.5 (F and G), E18.5 (H and I), and P0 (J and K). Notice increased upper airway development starting at E16.5 (G,
arrows) and dilation of distal airways at E18.5 and P0. Scale bars: B–E = 200 Am, F–K = 150 Am.
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morphogenesis, embryos at E16.5, E18.5, and at birth (P0)
were collected, and histological sections were generated and
analyzed. At E16.5, SP-C/rtTA X tetO-Dkk1 double trans-
genic embryos appeared relatively similar to wild-type non-
transgenic littermates but did exhibit more extensive
development of larger, columnar epithelial lined airways
(Figs. 2F and G). By E18.5 and P0, severe airway dilation
was observed in SP-C/rtTA X tetO-Dkk1, which resulted in
reduced saccular formation (Figs. 2H–K). The reduced
number of airway saccules in double transgenic embryos
suggested that expression of Dkk1 inhibited distal airway
branching and formation.
Expression of epithelial marker genes was used to
determine the effect that Dkk1 expression had on airway
epithelial cell differentiation. Endogenous SP-C is expressed
in distal airway epithelium during early lung development
and later becomes restricted to type 2 alveolar epithelial
cells. In situ hybridization using an SP-C probe and
immunohistochemistry with an SP-C specific antibody
shows that SP-C expression in SP-C/rtTA X tetO-Dkk1
double transgenic lungs was greatly attenuated at both
E16.5 and P0 (Figs. 3A–D). To determine whether SP-C
expression was specifically inhibited in Dkk1 expressing
airways, adjacent sections were hybridized to Dkk1 and SP-
C cRNA probes. These data show that SP-C expression is
absent in Dkk1 expressing airways (Figs. 3E and F). Of
note, continued expression of the SP-C/dkk1 transgene in
lung epithelium lacking endogenous SP-C expression is
likely due to differences in transcriptional regulation of the
endogenous gene versus the transgene. Interestingly,expression of CC10, a marker of proximal Clara epithelial
cells, was expanded in Dkk1 expressing airway epithelium,
leading to a far greater number of airways expressing this
marker (Figs. 3G and H).
The loss of distal epithelial cell marker genes and
expansion of proximal genes such as CC10 in the SP-C/
Dkk1 transgenics suggested that inhibition of Wnt signaling
in the lung disrupts the normal proximal–distal differ-
entiation of lung epithelium. In agreement with the
epithelial cell specific marker analysis, expanded smooth
muscle a-actin expression was observed surrounding most
if not all of the airways in SP-C/rtTA X tetO-Dkk1 embryos
and neonates (Figs. 3I and J and data not shown). These data
suggest that, along with airway epithelium, the proximal–
distal expression of smooth muscle in lung mesoderm is
disrupted in SP-C/rtTA X tetO-Dkk1 double transgenic
embryos and that Wnt signaling lies upstream of signals
regulating proximal–distal patterning of both endodermal
(airway epithelium) and mesodermal (airway smooth
muscle) cell lineages.
Wnt signaling is not associated with or necessary for airway
epithelial cell proliferation
Wnt signaling has been directly associated with cell
proliferation in a multitude of tissues and cell types including
colon epithelium and in stem cell self renewal (Pinto et al.,
2003; Reya et al., 2003; van de Wetering et al., 2002).
However, previous reports of inactivation of h-catenin in the
lung airways did not reveal a role for cell proliferation in
airway epithelium (Mucenski et al., 2003). Co-localization of
Fig. 3. Dkk1 expression disrupts distal airway differentiation in transgenic
embryos and neonates. Wild-type (A and C) and dox-treated transgenic
embryos (B and D) at E16.5 (A and B) and E18.5 (C and D) reveal a
significant reduction in SP-C expression. Closer inspection shows that
airways expressing Dkk1 do not express SP-C (compare arrows in panels E
and F). CC10 (G and H) and smooth muscle a-actin (I and J) expression is
expanded in Dkk1 transgenic lungs (H and J) compared to wild-type lungs
(G and I). Scale bars: A, B = 200 Am, C–J = 150 Am.
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phospho-histone H3 (PO4-H3) staining shows that Wnt
activity does not specifically correlate with cell proliferation
at E14.5 and later (Figs. 4A–F and data not shown). Indeed,
quantification of lacZ and PO4-H3 positive cells shows that
less than 1% of lacZ positive cells are also positive for PO4-
H3 staining (Figs. 4G and H). Moreover, PO4-H3 and Ki-67
immunostaining of SP-C/rtTA X tetO-Dkk1 transgenic lung
samples at E16.5 and E18.5 did not reveal a significant
difference in epithelial proliferation when compared to wild-
type embryos (Figs. 4I–O).
Our data demonstrates that Dkk1 expression results in a
similar phenotype as is observed upon deletion of h-catenin
in lung airway epithelium (Mucenski et al., 2003),indicating that both models serve as loss of function for
Wnt/h-catenin activity. Loss of Wnt/h-catenin activity
could result in the preferential expansion of the proximal
airway epithelium due to reduced distal epithelial prolifer-
ation early in airway development. Therefore, we tested
whether epithelial proliferation was affected in early distal
airway epithelium of SP-C/rtTA:tetO-cre X h-cateninflox
embryos in early lung development. Of note, in some
embryos at early time points (i.e. E12.5), the loss of h-
catenin expression is incomplete resulting in a mosaic
pattern of h-catenin protein expression (Figs. 4P and Q).
Airway epithelial proliferation was unaffected in SP-C/
rtTA:tetO-cre X h-cateninflox embryos (Figs. 4P–R). These
data demonstrate that there was no significant difference in
cell proliferation between epithelium expressing or lacking
h-catenin in SP-C/rtTA:tetO-cre X h-cateninflox embryos.
TUNEL assays on both SP-C/rtTA:tetO-cre X h-cateninflox
and SP-C/rtTA X tetO-Dkk1 embryonic lung tissue did not
reveal any increase in apoptosis in both models of loss of
Wnt/h-catenin signaling (data not shown). Together, these
data suggest that Wnt signaling is neither associated with
nor required for cell proliferation in airway epithelium, but
rather is essential for normal airway epithelial diffe-
rentiation. This is supported by a lack of significant
difference in lung size in SP-C/rtTA X tetO-Dkk1 or SP-
C/rtTA:tetO-cre X h-cateninflox lungs versus those from
wild-type littermates (data not shown).
N-myc is down-stream of Wnt/b-catenin signaling in the
lung
In the lung, there are no known targets of Wnt/h-
catenin signaling. N-myc is expressed at high levels in
distal airway epithelium (Moens et al., 1993). Loss of N-
myc function has been shown to result in defective
branching morphogenesis in the lung (Moens et al., 1993;
Okubo et al., 2005; Sawai et al., 1993; Stanton et al.,
1992). Furthermore, N-myc has been recently implicated
in the regulation of distal airway progenitor development
(Okubo et al., 2005). c-myc, a highly related myc gene, is
a well-established down-stream target of Wnt/h-catenin
signaling in several tissues including intestinal epithelium
(Anna et al., 2003; Cong et al., 2003; Pinto et al., 2003).
N-myc expression in early lung airway development
overlaps extensively with that observed in TOPGAL.lacZ
and BATGAL.lacZ Wnt transgenic reporter mice (Moens
et al., 1993; Sawai et al., 1993; Stanton et al., 1992 and
this report). Due to the similarity in expression to Wnt/h-
catenin activity and its in vivo importance in lung
morphogenesis, we tested whether N-myc was down-
stream of Wnt/h-catenin signaling in lung epithelium. As
expected, N-myc is expressed at high levels in distal
airway epithelium in wild-type lung tissue at E12.5 and
E16.5 (Figs. 5A and C). However, N-myc expression in
E12.5 SP-C/rtTA:tetO-cre X h-cateninflox and E16.5 SP-C/
Dkk1 lung tissue was severely attenuated (Figs. 5B and
Fig. 4. Wnt signaling does not regulate lung epithelial proliferation. Co-immunolocalization of h-galactosidase (hgal) and phospho-histone H3 (PO4-H3)
expression shows that Wnt activity does not specifically correlate with cell proliferation at E14.5 (A–C) and E18.5 (D–F). Quantification of both parameters at
E14.5 shows that there is no direct correlation between cell proliferation and Wnt signaling in lung epithelium (G). Percentages of total cells that are PO4-H3
positive as well as the percentage of hgal positive cells that are PO4-H3 positive at E14.5 (H). PO4-H3 and Ki-67 immunohistochemical staining demonstrates
no difference in cell proliferation between wild-type (I, K, M) and SP-C/Dkk1 dox-treated transgenic (J, L, N) lung tissue. Quantification of cell proliferation in
wild-type and SP-C/Dkk1 lungs at E16.5 supports this notion (O). Extensive PO4-H3 staining in h-catenin deficient cells at E12.5 and E16.5 (P and Q,
arrowheads) demonstrates no difference in epithelial proliferation after loss of h-catenin expression. Quantification of PO4-H3 staining in either h-catenin
expressing or non-expressing cells at E12.5 (R). Student’s t test was used to determine lack of statistical significance in graphs O and R ( P > 0.5). Scale bars:
A–F = 75 Am, H–M = 100 Am, O, P = 50 Am.
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differentiation, was unaffected in both models (Figs. 5E–
H). These data indicate that N-myc is down-stream of
Wnt/h-catenin signaling in airway epithelium.
BMP4 signaling is down-stream of Wnt signaling in airway
epithelium
Previous studies have implicated BMP signaling in the
regulation of lung airway morphogenesis, specifically
proximal–distal patterning of the airways (Lu et al.,
2001; Weaver et al., 1999). BMP4 is expressed in both
distal airway epithelium and proximal mesenchyme (Bel-
lusci et al., 1996). To determine whether BMP4 is down-
stream of Wnt signaling in lung development, co-immuno-
localization was performed with antibodies to h-catenin and
BMP4 on lung tissue from SP-C/Dkk1 and SP-C/rtTA:tetO-
cre X h-cateninflox embryos. As expected in wild-typeE16.5 lung tissue, BMP4 was expressed at high levels in
distal airway epithelium and at lower levels in proximal
mesenchyme (Fig. 5I). In SP-C/Dkk1 embryos, however,
BMP4 expression is significantly reduced (Fig. 5J). As
discussed above, at E12.5, the efficiency of h-catenin
excision in many SP-C/rtTA:tetO-cre X h-cateninflox
embryos is less than 100% in some embryos resulting in a
mosaic pattern of h-catenin expression in the lung airway
epithelium. However, this result proves advantageous since
we can determine in a precise cell specific manner whether
loss of h-catenin leads to a loss of BMP4. As expected,
BMP4 and h-catenin are expressed at high levels in distal
airway epithelium in wild-type lungs at E12.5 (Figs. 5K–
M). Lungs exhibiting mosaic expression of h-catenin also
express BMP4 in a mosaic pattern that closely correlates
with presence of h-catenin (Figs. 5N–P). Complete loss of
h-catenin leads to a complete loss of BMP4 expression
(Figs. 5Q–S).
Fig. 5. N-myc and BMP4 are down-stream of Wnt/h-catenin signaling in lung epithelium. In situ hybridization of N-myc and Nkx2.1 expression demonstrates
that N-myc is down-regulated in airway epithelium of both E16.5 SP-C/Dkk1 transgenic lungs (B) and E12.5 SP-C/rtTA:tetO-cre X h-cateninflox lung tissue
(D) compared to wild-type lungs from littermates (A and C). Nkx2.1 expression is unchanged in both model systems (E–H). BMP4 expression is down-
regulated in E16.5 SP-C/Dkk1 dox-treated transgenic lung tissue (J) compared to wild-type littermates (I). BMP4 protein expression correlates with loss of h-
catenin protein expression in E12.5 SP-C/rtTA:tetO-cre X h-cateninflox embryos (K–S). h-catenin and BMP4 are expressed at high levels in distal airway
epithelium (K–M). Cells that still express h-catenin continue to express BMP4 in the same airway (N–P, compare yellow versus white arrowheads), while
complete loss of h-catenin results in a complete loss of BMP4 expression (Q–S). Scale bars: A, B, E, F, I, J = 200 Am, C, D, G, H, K–S = 50 Am.
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Fig. 6. FGF signaling is down-stream of Wnt/h-catenin signaling in lung epithelium. In situ hybridization was performed to determine expression of FGFR2 in
lung airway epithelium in E12.5 wild-type (A) and SP-C/rtTA:tetO-cre X h-cateninflox (B) lung tissue. Phospho-ERK1/2 immunohistochemistry on E12.5
wild-type (C) and SP-C/rtTA:tetO-cre X h-cateninflox (D) lung tissue demonstrates that loss of h-catenin expression results in loss of ERK1/2 signaling. Lungs
from E11.5 BATGAL.lacZ transgenic embryos were cultured in the presence or absence (mock) of 5 AM SU5402 FGF receptor inhibitor for 48 h (E–J). LacZ
staining demonstrates that Wnt/h-catenin signaling is unaffected in SU5402-treated airway epithelium (F, G, I, J). Scale bars: A–D = 50 Am.
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airway epithelium
FGF signaling is known to be a critical regulator of lung
airway development. Loss of FGF signaling in the lung,
either through loss of FGF10 expression or expression of a
dominant-negative FGF receptor, results in a severe abroga-
tion of lung airway branching (Bellusci et al., 1997; Min et
al., 1998; Peters et al., 1994; Sekine et al., 1999). Most FGF
ligands including FGF7 and FGF10 are expressed in lung
mesenchyme, while their cognate receptors are expressed in
the lung epithelium (Bellusci et al., 1997; Cardoso et al.,
1997; Peters et al., 1994; Weinstein et al., 1998). Of the four
FGF receptors, FGFR2 is expressed at the highest levels in
lung airway epithelium (Weinstein et al., 1998). In situ
hybridization demonstrates that FGFR2 expression is dra-
matically reduced in lung airway epithelium but not tracheal
epithelium of SP-C/rtTA:tetO-cre X h-cateninflox (Figs. 6A
and B). Other FGF receptors are also expressed at low levels
in lung airway epithelium including FGFR3 and FGFR4
(Weinstein et al., 1998). Therefore, we wanted to determinewhether overall FGF signaling was down-regulated upon
loss of h-catenin expression by performing immunohisto-
chemistry for phosphorylated extra-cellular signal related
kinases 1 and 2 (ERK1/2), which are down-stream compo-
nents of the FGF signaling pathway (Corson et al., 2003;
Kinkl et al., 2001; Shinya et al., 2001). These kinases, along
with the FGF pathways, are highly active in the growing
distal tips of airway epithelium during early lung develop-
ment (Corson et al., 2003; Liu et al., 2004). Loss of h-catenin
expression leads to a dramatic reduction in ERK1/2 activity
(Figs. 6C and D).
Lung explants from BATGAL.lacZ embryos were
treated with the FGF receptor inhibitor SU5402 to
determine whether FGF signaling was necessary in a
positive feedback loop for Wnt/h-catenin activity. Inhib-
ition of FGF signaling did not measurably affect canonical
Wnt signaling as measured by lacZ expression from the
BATGAL.lacZ transgene (Figs. 6E–J). Together, these
data demonstrate that Wnt/h-catenin signaling lies
upstream of FGF signaling in the distal lung at the stages
of development tested, at least in part, through regulation
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required for Wnt/h-catenin activity in lung airways.
b-catenin and TCF3 regulate BMP4 and N-myc promoters
BMP4 has been shown to be down-stream of Wnt/h-
catenin signaling in multiple cell types including embryonic
carcinoma cells and skin epidermis (Andl et al., 2002;
Huelsken et al., 2001; Schwartz et al., 2003). In Fig. 5, we
show that both BMP4 and N-myc are down-stream of Wnt/
h-catenin signaling, suggesting that these genes may be
directly regulated by this pathway. Analysis of mouse
BMP4 and N-myc promoter reveals the presence of multiple
LEF/TCF DNA binding sites, several of which are
conserved between mouse and human (Figs. 7A and B)
(DePinho et al., 1986; Ebara et al., 1997). Co-transfection of
luciferase reporter plasmids containing these sequencesFig. 7. Wnt/h-catenin signaling directly activates the N-myc and BMP4 promote
within the 2.4 kb mouse BMP4 and four sites within the 3.2 kb mouse N-my
ovals). Transfection of constitutively active h-catenin, a TCF3-VP16 fusion prote
TCF3 represses both the BMP4 and N-myc promoters in a dose-dependent manne
LEF/TCF DNA binding sites at 1389/1281 in the BMP4 promoter and at 1along with expression plasmids encoding either an activated
h-catenin containing mutations in the GSK-3h phosphor-
ylation sites (h-catenin/4145) or with a TCF3-VP16 fusion
protein demonstrated that both promoter sequences could be
activated by transcriptional mediators of Wnt signaling
(Figs. 7A and B). Addition of both h-catenin/4154 and
TCF3-VP16 resulted in cooperative activation of both
promoters (Figs. 7A and B). Furthermore, a dominant-
negative TCF3 construct repressed both BMP4 and N-myc
promoters (Figs. 7C and D). Chromatin immunoprecipita-
tion assays show that h-catenin associates with the
conserved LEF/TCF DNA binding sites located in the
BMP4 and N-myc promoters, indicating direct regulation of
these promoters by canonical Wnt signaling (Figs. 7E and
F). Together, these results demonstrate that BMP4 and N-
myc are targets of Wnt/h-catenin signaling in lung airway
epithelium.rs. Sequence analysis revealed two putative LEF/TCF DNA binding sites
c promoters that are conserved between mouse and human (A and B, red
in or combined, activates both promoters (A and B). A dominant-negative
r (C and D). ChIP assays show that h-catenin associates with the conserved
583/1022 in the N-myc promoter (E and F).
Fig. 8. Model of Wnt activity in lung airway epithelial development. Our
data demonstrate that Wnt/h-catenin signaling is upstream of N-myc,
BMP4, and FGF signaling. Negative regulation of Wnt signaling is
achieved by expression of inhibitors such as Dkk1. Our data suggest that
the Wnt/h-catenin signaling activates the distal airway phenotype while
repressing the proximal airway phenotype. Activation of N-myc and BMP4
promoters supports direct regulation of these two genes by Wnt/h-catenin
signaling in the lung.
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Proper lung development is essential for postnatal
terrestrial life. During lung development, signal transduction
pathways drive the process of branching morphogenesis,
which results in the highly arborized network of airways
required for proper gas exchange. Multiple pathways have
been implicated in regulating lung airway development, but
their interconnectivity has not been well understood. We
show that Wnt/h-catenin signaling is a critical regulator of
multiple factors required for proximal–distal patterning of
lung airways. Loss of h-catenin or expression of Dkk1 results
in disrupted distal airway differentiation and down-regulates
N-myc, BMP4, and FGF signaling. These studies also show
that BMP4 and N-myc genes are direct down-stream targets
of Wnt/h-catenin signaling in the lung. Thus, Wnt/h-catenin
signaling regulates a hierarchical pathway necessary for
proper development and patterning of lung airways.
Wnt/b-catenin signaling is essential for proximal–distal
airway patterning
The role of Wnt/h-catenin signaling in airway epithelial
differentiation and development has remained obscure. Gain
of function studies have demonstrated a role for Wnt/h-
catenin signaling in airway epithelial cell fate specification
with super-activation of Wnt/h-catenin signaling resulting
in epithelial cells in lung airways exhibiting characteristics
of trans-differentiation into intestinal epithelium (Okubo and
Hogan, 2004). Using Dkk1 expression and loss of h-catenin
expression, we show that loss of canonical Wnt activity
leads to inhibition of the distal airway phenotype during
lung development. This included the inhibition of SP-C,
BMP4, and N-myc expression. However, expression of
Nkx2.1, which demarcates lung epithelium from other
foregut endodermal derivatives, was unaffected, suggesting
that lung epithelial specification occurred normally upon
inhibition of canonical Wnt signaling. Interestingly, loss of
FGF signaling appears to result in a more severe phenotype
than loss of Wnt/h-catenin signaling, leading to an almost
compete abrogation of lung branching morphogenesis
(Bellusci et al., 1997; Min et al., 1998; Peters et al., 1994;
Sekine et al., 1999). Given the dramatic increase in proximal
airway development and lack of changes in epithelial
proliferation upon inhibition of Wnt/h-catenin signaling as
well as data showing that Wnt/h-catenin signaling acts
upstream of FGF signaling in distal epithelium, our data
support a model where Wnt/h-catenin signaling activates
distal epithelial differentiation and represses proximal
epithelial differentiation (Fig. 8).
In previous studies, it was demonstrated that expression
of BMP4 was retained in distal airway epithelium upon loss
of h-catenin expression (Mucenski et al., 2003). The
discrepancy between these studies is likely due to either
the incomplete excision of floxed h-catenin observed in
early lung development when using the SP-C/rtTA-tetO-cresystem or to the expression of mesenchymal BMP4 in the
lung that cannot be distinguished from epithelial BMP4 by
whole mount in situ hybridization.
Wnt/b-catenin signaling and cell proliferation in the lung
Regulation of proliferation by Wnt signaling has been
implicated in carcinogenic events including the develop-
ment of colon hyperplasias (Pinto et al., 2003; van de
Wetering et al., 2002). In contrast to other tissues where Wnt
signaling has been demonstrated to regulate cell prolifer-
ation, Wnt signaling in the lung is not associated with
ongoing epithelial cell proliferation. Furthermore, loss of
Wnt signaling does not affect cell proliferation or apoptosis
in the airway epithelium. This indicates that the defects in
airway epithelial development are restricted to changes in
the differentiation and/or patterning of lung airway epithe-
lium. Although recent studies suggest that forced activation
of Wnt/h-catenin activity in the lung increases epithelial cell
proliferation (Okubo and Hogan, 2004), our studies indicate
that, in normal development, Wnt/h-catenin signaling is not
associated with nor required for lung epithelial proliferation.
N-myc is down-stream of Wnt/b-catenin signaling in lung
epithelium
Our findings show that N-myc, which has been demon-
strated to play a key role in lung development, is down-
stream of Wnt/h-catenin signaling. Defective lung branch-
ing morphogenesis has been reported in N-myc null
embryos (Moens et al., 1993; Sawai et al., 1993; Stanton
et al., 1992). The highly related family member c-myc lies
directly down-stream of Wnt/h-catenin signaling in several
cell types including hematopoietic cells and colon epithe-
lium (Anna et al., 2003; Pinto et al., 2003; van de Wetering
et al., 2002). Our data show that N-myc is down-stream of
Wnt/h-catenin signaling through direct regulation of the N-
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target of Wnt/h-catenin signaling and thus has implications
for N-myc’s role in other tissues including limb, neural, and
heart development.
Recently, Okubo et. al. demonstrated that loss of N-myc
in distal airway epithelium leads to a loss of distal
progenitors and reduced cell proliferation (Okubo et al.,
2005). Our studies show that loss of Wnt/h-catenin signal-
ing in the distal lung does not disrupt airway epithelial
proliferation. Furthermore, loss of Wnt signaling does not
disrupt lung architecture as much as loss of N-myc. This
may be due to differences in the SP-C promoters used to
inactivate h-catenin and N-myc or express Dkk1. We favor
the explanation that Wnt/h-catenin signaling restricts
proximal airway formation and differentiation during
development, leading to increased development of proximal
airways that replaces the loss of distal airway structures.
This hypothesis would also help explain differences
between the phenotypes from the loss of FGF10 signaling
and loss of FGF signaling after loss of h-catenin expression
in distal airway epithelium found in this report (Min et al.,
1998; Sekine et al., 1999). Thus, Wnt/h-catenin signaling
likely plays both positive and negative roles in proximal–
distal airway patterning in the lung.
Wnt signaling regulates a hierarchical signaling cascade
essential for airway epithelial differentiation
The specific role of canonical Wnt signaling in regulating
distal epithelial cell differentiation can be attributed, at least
in part, to its regulation of several important signaling
pathways including BMP4 and FGF signaling. Our data
demonstrate a direct regulation of BMP4 signaling both
through loss of BMP4 in SP-C/rtTA:tetO-cre X h-cateninflox
and SP-C/Dkk1 transgenic mice but also in the direct
regulation of the mouse BMP4 promoter by h-catenin and
TCF3. We also show that FGF signaling is down-stream of
Wnt/h-catenin signaling through loss of FGFR2 expression
and ERK1/2 activity.
The interconnectivity between signaling pathways that
regulate lung morphogenesis is not well understood.
Previous reports have shown that expression of several
Wnt signaling components including Wnt7b is maintained
in sonic hedgehog (SHH) null mouse lungs (Pepicelli et al.,
1998), suggesting that SHH is not upstream of Wnt
signaling in the lung. We find that SHH is expressed at
normal levels in h-catenin deficient and Dkk1 expressing
airway epithelium (data not shown). Previous loss of
function experiments for BMP signaling result in pheno-
types bearing a striking resemblance to that reported here,
i.e. loss of distal airway marker gene expression and
expansion of proximal airway marker gene expression (Lu
et al., 2001; Weaver et al., 1999). These reports also showed
that loss of BMP signaling did not appreciably affect
epithelial cell proliferation or apoptosis, similar to observa-
tions seen in loss of h-catenin expression or Dkk1 inhibitionof Wnt signaling in the lung (Lu et al., 2001; Weaver et al.,
1999). The similarities between loss of BMP function and
loss of Wnt/h-catenin function are consistent with our data
showing a direct regulation of BMP4 gene expression.
However, there are other BMP ligands expressed in the lung
including BMP5 and BMP7, and these ligands may act in a
redundant manner with BMP4 to regulate patterning of the
lung airways (Godin et al., 1998; King et al., 1994).
Previous studies have also shown that BMP4 antagonizes
FGF10 mediated proliferation of distal airway epithelium
(Weaver et al., 2000). Our data demonstrate that both BMP4
and FGF signaling lie down-stream of Wnt/h-catenin
signaling in vivo (Fig. 7C).
Different tissue systems use Wnt-BMP-FGF signaling in
different contexts. We show that, in the lung, Wnt/h-catenin
signaling acts upstream of both BMP4 and FGF signaling. In
apical ectodermal ridge (AER) development in the forming
limb bud, Wnt/h-catenin signaling lies upstream of both
FGF8 and BMP signaling (Barrow et al., 2003). Inactivation
of h-catenin in limb ectoderm results in severe limb defects
with the most severely affected mice having a complete
absence of hind limbs (Barrow et al., 2003). In Xenopus,
previous studies have shown that Wnt/h-catenin signaling is
down-stream of FGF signaling, but upstream of BMP
signaling, during neural induction (Kuschel et al., 2003).
Although much has been learned from the study of
individual signaling pathways that regulate lung morpho-
genesis and differentiation, the interaction between these
pathways and how they fit into a hierarchical signaling
system has remained obscure. Our data point to the Wnt/h-
catenin pathway as a critical regulator of the proximal–
distal differentiation process that defines airway patterning
within the mammalian lung, acting upstream of N-myc,
BMP4, and FGF signaling.Acknowledgments
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